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HEAT EXCHANGER OPTIMIZATION PROCESS AND APPARATUS 
BACKGROUND OF THE INVENTION 

01 The energy required to transport natural gas through a pipeline is stored in the form of gas 
pressure. Therefore as natural gas is transported along a pipeline it undergoes a pressure loss. For 
any given pipeline and gas flow rate, the magnitude of the pressure loss is primarily dependent upon 
the pressure and temperature of the gas flowing through the pipeline. The lower the natural gas 
pressure and/or higher the temperature, the greater the pipeline pressure loss, and vice versa. 

02 In order to maximize natural gas throughput of a pipeline it is necessary to restore the 
pressure loss (i.e. energy consumed) that occurs as the natural gas travels down a pipeline, by 
compressing the gas at regular intervals along the pipeline. For any given compressor discharge gas 
pressure and gas flow rate, the power and thereby energy required to compress the gas is primarily 
dependent upon the compressor suction gas pressure and temperature (i.e. pipeline outlet gas 
pressure and temperature). The lower the suction gas pressure and/or higher the suction gas 
temperature, the greater the amount of power required to compress the natural gas, and vice versa. 

03 However natural gas undergoes an increase in temperature during the compression process. 
Depending on the length of intervening piping/pipeline and surrounding soil conditions, elevated 
compressor station discharge gas temperatures (i.e. pipeline inlet gas temperatures) result in lower 
suction gas pressures and/or higher suction gas temperatures at the downstream compressor station. 
For any given gas flow rate this results in an increase in the amount of power required to compress 
the natural gas at the downstream compressor and thereby results in an increase in the amount of 
energy required to transport the gas through the pipeline. 

04 Air cooled heat exchangers are utilized to lower the temperature of the natural gas to reduce 
compression power requirements and thereby reduce the amount of energy required to transport 
natural gas through a pipeline. 
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05 In the case of air cooled natural gas heat exchangers, heat transfer occurs between the warm 
gas and cool ambient air that is forced through the exchanger by powered fans. The amount by 
which the gas temperature is reduced is dependent upon heat exchanger design (i.e. total cooling 
surface area, and number, configuration, length and diameter of the cooling tubes, and overall heat 
transfer coefficient), heat exchanger inlet gas pressure and temperature, ambient air temperature, the 
specific heat capacity of the natural gas and air, and flow rate of the gas and air through the 
exchanger. 

06 It is known in the art that the cooling of natural gas is sometimes not energy efficient and 
consequently, heat exchangers are often shut down and/or bypassed completely to avoid 
unnecessary energy costs. This invention provides an improvement upon prior art methods of 
optimizing energy savings during the operation of compressor stations and heat exchangers when 
transporting natural gas through pipelines. 

SUMMARY OF THE INVENTION 

07 The inventor has recognized that a pressure loss occurs as natural gas passes through a heat 
exchanger, which will offset the power and thereby energy savings afforded by cooling the gas. For 
any given inlet gas pressure and temperature, this pressure loss varies with the amount of gas flow 
through the heat exchanger. 

08 An increase in gas flow rate through a heat exchanger results in greater heat transfer (i.e. 
greater cooling of the total gas flow coming from the upstream compressor), and vice versa. 
However an increase in gas flow rate also results in a greater pressure loss for the natural gas, and 

vice versa. 

09 Given the manner in which the amount of heat transfer (i.e. cooling) and heat exchanger 
pressure loss varies with the amount of gas flow through the exchanger, there is, for any given heat 
exchanger design (i.e. total cooling surface area, and number, configuration, length and diameter of 
the cooling tubes, overall heat transfer coefficient, and cooling fan power requirement ) and 
operating conditions (i.e. heat exchanger inlet gas pressure and temperature, ambient air 
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temperature, specific heat capacity of the natural gas and air, total flow rate of natural gas from 
upstream compressors), and air flow rate through the heat exchanger), an optimum gas flow rate 
through the exchanger that yields the maximum net compression power (and thereby energy) 

savings. 

10 There is therefore provided in accordance with an aspect of the invention, an electronic Heat 
Exchanger Management Device (HEMD) that determines the optimum balance between gas cooling 
and heat exchanger pressure loss, for any given operating condition. The HEMD then adjusts the 
gas flow rate through the exchanger accordingly, to yield the maximum net power (and thereby 
energy) savings obtainable from that exchanger. The HEMD can maintain the optimum balance 
between gas cooling and heat exchanger pressure loss and reduce the amount of energy required to 
transport a given volume of gas through a pipeline and thereby increase the transmission efficiency 
of the gas pipeline system. 
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1 1 According to a further aspect of the invention, there is provided a method of operating a heat 
exchanger on a natural gas transmission pipeline using a control algorithm. The control algorithm is 
the heart of the HEMD. The control algorithm is used to calculate the optimum position of the heat 
exchanger bypass valve to achieve the optimum gas flow rate through a exchanger based upon heat 
exchanger design (i.e. total cooling surface area, and number, configuration, length and diameter of 
the cooling tubes, overall heat transfer coefficient, and cooling fan power requirement) and 
operating conditions (i.e. heat exchanger inlet gas pressure and temperature, ambient air 
temperature, specific heat capacity of the natural gas and air, total flow rate of gas from upstream 
compressor(s), and air flow rate through the heat exchanger). The operating conditions of the heat 
exchanger and upstream compressor are continually monitored for any changes by the HEMD and 
the control algorithm is utilized to determine, among other things, the optimum flow through the 
heat exchanger and optimum position of the heat exchanger bypass valve, and to initiate a command 
signal to the bypass valve operator to change the position of the bypass valve, accordingly. Upon 
receipt of a command signal the bypass valve will then close or open and thereby increase or 
decrease the gas flow rate through the exchanger, as required. The command signal to the bypass 
valve operator will continue until the optimum balance between gas cooling and heat exchanger 
pressure loss (as calculated by the control algorithm) has been achieved and detected by the HEMD. 

12 The control algorithm is derived through computer modeling of the heat exchanger, 
associated upstream and downstream compressors, and the intervening pipeline system(s). The 
model is used to determine the impact of incremental changes of flow through the exchanger on 
pipeline compression power requirements, based on a number of varying operating parameters (i.e. 
total flow rate of natural gas from the upstream compressors), air flow rate through the heat 
exchanger, heat exchanger inlet and outlet gas pressure and temperature, ambient air temperature, 
and power (and thereby energy) requirements of the upstream gas compressor and heat exchanger 
cooling fans). Where possible, the heat exchanger performance characteristics utilized in the model 
are based upon actual site measured parameters in order to improve the accuracy of the control 
algorithm. The results of this modeling form the basis for the control algorithm. 

13 The resulting control algorithm takes into account the physical characteristics of the actual 
upstream and downstream compressors (i.e. compressor power requirement, performance and 
efficiency), the intervening pipeline systems (i.e. pipeline size, length, surrounding soil conditions, 
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and heat conductivity) and heat exchanger design (i.e. total cooling surface area, and number, 
configuration, length and diameter of the cooling tubes, cooling air flow capacity, and overall heat 
transfer coefficient) and is therefore unique to each heat exchanger installation. The control 
algorithm also takes into account the current operating conditions of the heat exchanger (i.e. heat 
exchanger inlet and outlet gas pressure and temperature, ambient air temperature, the specific heat 
capacity of the natural gas and air, and air flow rate through the heat exchanger) and the upstream 
compressor(s) (i.e. total gas flow rate, discharge gas pressure and temperature). The control 
algorithm can among other things define the relationship between the temperature differential 
between the heat exchanger inlet gas and ambient air, and the pressure loss across the exchanger, 
that yields the optimum gas flow rate through the exchanger and thus the maximum net power (and 
thereby energy) savings. 

14 According to a further aspect of the invention, given the manner in which the control 
algorithm is derived, it can be utilized to compare current (i.e. real time) actual heat exchanger 
performance to predicted performance criteria (based on actual site measured baseline parameters). 
As a result the HEMD can among other things, be utilized to monitor the extent of internal or 
external exchanger fouling (i.e. heat exchanger performance) and to determine if and when the 
exchanger may require cleaning/de-fouling. 

BRIEF DESCRIPTION OF THE FIGURES 

1 5 There will now be described preferred embodiments of the invention, with references to the 
figures by way of illustration, in which like reference characters denote like elements, and in which: 

Fig. 1 is a schematic showing a natural gas pipeline with an upstream compressor station 
"A", heat exchanger and downstream compressor station "B"; 

Fig. 2 A and 2B is a flow diagram illustrating method steps according to the invention; 

Fig. 3 is a schematic showing inputs and outputs of a first embodiment of a heat exchanger 
management device according to the invention; 

Fig. 4 is a schematic showing inputs and outputs of a second embodiment of a heat 
exchanger management device according to the invention; 
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Fig. 5 is a schematic showing inputs and outputs of a third embodiment of a heat exchanger 
management device according to the invention; 

Fig. 6 is a schematic showing inputs and outputs of a fourth embodiment of a heat exchanger 
management device according to the invention; 

Fig. 7 is a schematic showing inputs and outputs of a fifth embodiment of a heat exchanger 
management device according to the invention; 

Fig. 8 is a schematic showing inputs and outputs of a sixth embodiment of a heat exchanger 
management device according to the invention; 

Fig. 9 is a schematic showing inputs and outputs of a seventh embodiment of a heat 
exchanger management device according to the invention; 

Fig. 10 is a schematic showing inputs and outputs of a eighth embodiment of a heat 
exchanger management device according to the invention; 

Fig. 11 is a schematic showing inputs and outputs of a ninth embodiment of a heat 
exchanger management device according to the invention; 

Fig. 12 is a schematic showing inputs and outputs of a tenth embodiment of a heat 
exchanger management device according to the invention; 

Fig. 13 is a schematic showing inputs and outputs of a eleventh embodiment of a heat 
exchanger management device according to the invention; 

Fig. 14 is a graph showing net power savings through cooling by use of a method and 
apparatus according to the invention; 

Fig. 15 is a graph showing optimum amount of cooling obtained by operation of a method 
and apparatus according to the invention; 

Fig. 16 is a graph showing benefits of cooling at various ambient temperatures from 
operation of a method and apparatus according to the invention; and 

Fig. 17 is a graph illustrating the basis for the control algorithm for optimizing power (and 
thereby energy savings), based on various temperature differentials between the heat exchanger 
inlet gas and ambient air, for a given gas flow rate. 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION 
16 In this patent document, the word comprising is used in its inclusive sense and does not 
exclude other elements being present The indefinite article "a" before an element does not exclude 
other elements being present. 



1 7 The energy required to transport natural gas through a pipeline is stored in the form of gas 
pressure. Therefore as natural gas is transported along a pipeline it undergoes a pressure loss. The 
relationship of gas mass flow rate : pipeline inlet gas pressure and temperature to pipeline pressure 
loss can be defined as follows (based on the AGA Equation for pipeline pressure loss given fully 
turbulent pipeline flow); 
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18 Given that standard pressure and temperature conditions, and pipeline length, relative 
roughness and diameter and natural gas specific gravity are constants then the impact of changing 
gas mass flow rate, pipeline inlet gas pressure and temperature to pipeline pressure loss can be 
defined as follows; 




19 A decrease in pipeline inlet natural gas pressure will result in an increase in pipeline 
pressure loss, and vice versa. Assuming that the gas mass flow rate, gas temperature and gas 
compressibility are essentially constant, it can be shown that lowering the gas pressure at the inlet of 
the pipeline by a given amount will result in an increase in pipeline pressure loss, as follows; 
AP = P - (p 2 _ p 2 + P 2 T' 5 
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20 An increase in pipeline inlet natural gas temperature will increase pipeline pressure loss, and 
vice versa. Assuming that pipeline inlet gas pressure, gas mass flow rate and gas compressibility are 
essentially fixed, it can be shown that the amount of pipeline pressure loss is dependent upon the 
temperature of the gas flowing through the pipeline, as follows; 
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21 In order to maximize the natural gas throughput of a pipeline it is necessary to restore the 
pressure loss (i.e. energy consumed) that occurs as gas travels through a pipeline by compressing 
the gas at regular intervals along the pipeline. The power required to compress gas is a function of 
compressor gas mass flow rate, compressor efficiency, compressor suction gas pressure and 
temperature, discharge gas pressure, and gas composition/characteristics (i.e. adiabatic exponent, 
compressibility, and molecular weight), as follows; 
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22 A decrease in suction gas pressure and/or increase in discharge gas pressure will result in an 
increase in the amount of power required for compression, and vice versa. Assuming that natural 
gas mass flow rate, compressor efficiency, and gas composition/characteristics (i.e. adiabatic 
exponent, compressibility, and molecular weight) and suction gas temperature are essentially fixed, 
it can be shown that the amount of compression power required is dependent upon suction and 
discharge gas pressure, as follows; 
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23 An increase in the compressor suction gas temperature will result in an increase in the 
amount of power required for compression, and vice versa. Assuming that natural gas mass flow 
rate, compressor efficiency, and gas composition/characteristics (Le. adiabatic exponent, 
compressibility, and molecular weight) and suction and discharge gas pressure are essentially fixed, 
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it can be shown that the amount of compression power required is dependent upon suction gas 
temperature, as follows; 
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24 Gas undergoes an increase in temperature during the compression process, as follows; 
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25 A decrease in suction gas pressure and/or increase in discharge gas pressure will result in a 
higher compressor discharge gas temperature and thereby a higher downstream pipeline inlet gas 
temperature, and vice versa. Assuming that compressor efficiency, natural gas 
composition/characteristics (i.e. adiabatic exponent) and suction gas temperature are essentially 
fixed, then it can be shown that compressor discharge gas temperature is dependent upon suction 
and discharge gas pressure, as follows: 
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26 An increase in suction gas temperature will result in a higher compressor discharge gas 
temperature and thereby a higher downstream pipeline inlet gas temperature, and vice versa. 
Assuming that compressor efficiency, natural gas composition/characteristics (i.e. adiabatic 
exponent) and suction and discharge gas pressure are essentially fixed, then it can be shown that 
compressor discharge gas temperature is dependent upon suction gas temperature, as follows; 
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27 Air cooled gas heat exchangers are utilized to lower the temperature of the compressor 
discharge gas as a means to reduce compression power and thereby energy requirements. 

28 In the case of air cooled natural gas heat exchangers, heat transfer occurs between the warm 
natural gas and cool ambient air that is forced through the exchanger by powered fans. The amount 
by which the gas temperature is reduced is dependent upon heat exchanger design (i.e. total cooling 
surface area, and number, configuration, length and diameter of the cooling tubes, cooling air flow 
capacity, and overall heat transfer coefficient), heat exchanger inlet gas pressure and temperature, 
ambient air temperature, the specific heat capacity of the natural gas and air, mass flow rate of the 
gas and air through the exchanger. 



The heat transfer to the air equals; 
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which equals the heat transfer from the gas; 
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However the actual amount of heat transfer that occurs between the natural gas and air is a function 
of the physical characteristics of the heat exchanger being utilized. Heat transfer by a heat 
exchanger can be defined as follows; 
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29 The amount of heat transfer that occurs between the natural gas and air, the temperature of the 
heat exchanger outlet gas, and the temperature of the heat exchanger outlet air, can be determined 
by solving the three equations simultaneously, as follows; 

9 = U he * ^HE^t * F* LMTD = T&puftz * * {f gasHEin ~ )= rS^ rH£ * * (l^^, - T airambiHHin) ) 
An increase in the natural gas mass flow rate through a heat exchanger will result in an increase in 
the overall heat transfer coefficient and thereby a greater heat transfer between the warm gas and 
cooling air, and vice versa. Given that the heat exchanger physical characteristics are constant and 
assuming that gas and air composition/characteristics (i.e. specific heat capacity, thermal 
conductivity and dynamic viscosity), heat exchanger inlet gas temperature, air mass flow rate, and 
ambient air temperature are essentially fixed, it can be shown that the overall heat transfer 
coefficient and amount of heat transfer are dependent upon the gas mass flow rate through the heat 
exchanger. 



Conversely, an increase in the air mass flow rate through a heat exchanger will result in an increase 
in the overall heat transfer coefficient and thereby a greater heat transfer between the warm natural 
gas and cooling air, and vice versa. Given that the heat exchanger physical characteristics are 
constant and assuming that gas and air composition/characteristics (i.e. specific heat capacity, 
thermal conductivity and dynamic viscosity), heat exchanger inlet gas temperature, gas mass flow 
rate, and ambient air temperature are essentially fixed, it can be shown that the overall heat transfer 
coefficient and amount of heat transfer are dependent upon the air mass flow rate through the heat 
exchanger. 
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30 The resultant temperature of the natural gas downstream of a heat exchanger, that results 
from the mixture of the heat exchanger outlet gas and any non-cooled bypass gas, can be 
determined as follows (Note bypass gas temperature equals heat exchanger inlet gas temperature); 



3 1 Gas passing through heat exchanger cooling tubes will undergo a pressure loss, as follows; 



32 An increase in natural gas mass flow rate through a heat exchanger will result in a greater 
pressure loss across the heat exchanger, and vice versa. Assuming that gas composition (i.e. gas 
density) and heat exchanger tube friction factor, length, and diameter are essentially constant, it can 
be shown that the magnitude of the pressure loss is dependent upon the gas mass flow rate through 
the heat exchanger, as follows; 



33 The effect lower natural gas temperature has on downstream compression conditions and 
thereby downstream compression power requirements depends on the length of the intervening 
piping/pipeline between the heat exchanger and downstream compressor. If the piping is short, any 
reduction in downstream compression power will result from a lower suction gas temperature (refer 
to Paragraphs 23 and 30). However the intervening pipeline may be of sufficient length such that 
the temperature of the gas leaving the pipeline is similar to the temperature of the gas had no 
upstream heat exchanger been present (i.e. equal to the ground temperature). In this instance any 
reduction in downstream compression power will result from a lower pipeline pressure loss and 
thereby higher suction gas pressure that is the result of cooler gas entering the pipeline (refer to 
Paragraphs 20 and 22). For pipelines of an intermediate length any reduction in downstream 
compression power will result from a combination of lower suction gas temperature and higher 
suction gas pressure. 



tcomp 
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34 The majority of the effect lower natural gas temperature has on reducing downstream 
compression power requirements (refer to Paragraph 33) can be redirected to the upstream 
compressor. It can be shown that it is possible to reduce the discharge pressure and thereby power 
requirements of the upstream compressor such that after the gas has passed through (he exchanger 
there is no net negative impact on the original downstream compression power requirements. The 
reduction in upstream compression power is possible whether or not the downstream compressor is 
located adjacent to or at some distance along a pipeline from the upstream compressor. 

35 The pressure loss associated with natural gas flowing through a heat exchanger will reduce 
the suction gas pressure at the downstream compressor and can result in an increase in compression 
power requirements (refer to Paragraphs 19, 22 and 32). As a result, depending on heat exchanger 
design (i.e. total cooling surface area, and number, configuration, length and diameter of the cooling 
tubes, and overall heat transfer coefficient), heat exchanger inlet gas pressure and temperature, and 
ambient air temperature, the specific heat capacity of the natural gas and air, and mass flow rate of 
the gas and air through the exchanger, the cooling of the natural gas may in some instances result in 
an increase in the downstream compression power. This can occur when the pressure loss which 
results from the gas flowing through the heat exchanger, and the consequent energy loss, is greater 
than the energy savings afforded from the lower gas temperature 

36 It can be shown that the rate of decrease in compression power savings resulting from a 
reduction in gas cooling, that results from decreasing the gas mass flow rate through a heat 
exchanger from 100 percent flow, is initially much less than the rate of decrease in compression 
power losses resulting from the consequent reduction in pressure loss (refer to Paragraphs 19, 20, 
22, 23, 29, 30 and 32). 

37 It can be shown that it is possible to calculate the optimum natural gas mass flow rate which 
will yield the maximum net compression power savings. In simple terms the optimum gas mass 
flow rate will occur at the point at which the rate of decrease in compression power savings (as the 
gas mass flow rate through the heat exchanger is reduced and thereby the amount of gas cooling is 
reduced) equals the rate of decrease in compression power losses (resulting from the consequent 
reduction in pressure loss across the heat exchanger). It is at this point that the greatest difference 
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exists between compression power savings and losses. Further gas mass flow rate reduction will 
diminish the net savings because the rate of decrease in compression power savings becomes 
increasingly greater than the rate of decrease in compression power losses beyond this point. 

38 The optimum natural gas mass flow rate will vary for every heat exchanger installation. In 
particular the optimum gas mass flow rate through a heat exchanger will vary depending on heat 
exchanger design (i.e. total cooling surface area, and number, configuration, length and diameter of 
the cooling tubes, and overall heat transfer coefficient), heat exchanger inlet gas pressure and 
temperature, ambient air temperature, the specific heat capacity of the natural gas and air, total gas 
mass flow rate from upstream compressor, air mass flow rate through the heat exchanger. 

39 This invention provides an improvement upon prior art methods of optimizing energy costs 
by having the ability to determine the optimum natural gas mass flow rate through heat exchangers 
and control gas mass flow rate (when utilized in conjunction with an automated heat exchanger 
bypass valve), and thereby maintain the optimum amount of gas mass flow rate through heat 
exchangers, under varying operating conditions. This invention can continually maximize net 
compression power (and thereby net energy) savings afforded by heat exchangers on a real time 
basis, by continuously managing the gas mass flow rate through heat exchangers, based on variables 
such as the total gas mass flow rate from the upstream compressor, air mass flow rate through the 
heat exchanger, heat exchanger inlet gas pressure and temperature, ambient air temperature, and 
fouling resistance of the heat exchanger. 

40 Referring to Fig. 1, there is shown a natural gas pipeline 10 upon which is located an 
upstream compressor 12. After the upstream compressor 12, the gas pipeline 10 continues through a 
heat exchanger bypass valve 14, through a station gas flow meter 16 and on to a downstream 
compressor 18. The bypass valve 14 will typically include a conventional equalization bridle piping 
assembly and bypass valve operator (not shown). Closing of the bypass valve 14 diverts gas flow in 
the gas pipeline 10 to the heat exchanger piping 20 which passes through a heat exchanger gas flow 
meter 24 and heat exchanger 22 and then returns to the gas pipeline 10 downstream of the bypass 
valve 14. All of the elements 10 to 24 are conventional. 



15 of 50 



CA 02437264 2003-08-12 




41 Various sensors/transmitters are provided on these elements, depending on the embodiment of 
the invention that is used. The sensors make observations of operating parameters that are 
characteristic of gas flow through the compressor station "A** and transmit the observation to the 
heat exchanger management device (HEMD) hereinafter referred to as the "controller 46". 
Hereinafter, these devices will be referred to as transmitters. A temperature transmitter 36 (output is 
TgasKEin) is provided on the inlet piping of the heat exchanger 22 to measure the heat exchanger inlet 
gas temperature. A temperature transmitter 38 (output is. TgasHEouO is provided on the outlet piping 
of the heat exchanger 22 to measure the heat exchanger outlet gas temperature. Temperature 
transmitters 29 (output is T airH Eout) and 28 (output is T^n^HEm)) and pressure transmitter 33 (Pairamb) 
are provided near the heat exchanger 22 to measure the heat exchanger outlet air temperature and 
ambient air temperature and pressure, respectively. A temperature transmitter 44 (output is Tg^^ed) 
is provided downstream of the heat exchanger piping 20 and gas pipeline 10 junction to measure the 
temperature of the recombined gas flow. A pressure transmitter 34 (output is PgasHEm) is provided on 
the inlet piping of the heat exchanger 22 to measure the inlet gas pressure. A differential pressure 
transmitter 30 (output is AP gas nE) is provided on either the bridle piping assembly of the bypass 
valve 14 or between the heat exchanger inlet and outlet headers (i.e. on either side of the heat 
exchanger 22) to measure the pressure loss across the heat exchanger 22. A heat exchanger gas 
flow meter 24 complete with differential pressure transmitter 32 
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(output is APgasmctotHE)) in conjunction with pressure transmitter 34 (output is PgasHEin) and 
temperature transmitter 36 (output is T gU HEin) is provided on the exchanger piping 20 to measure the 
heat exchanger gas flow rate. A station gas flow meter 16 complete with pressure transmitter 40 
(output is Pgasmctcitstation)) and differential pressure transmitter 42 (output is AP gaS nicto<statton)) in 
conjunction with temperature transmitter 44 (output is Tgasmixcd) is provided on the gas pipeline 10 to 
measure the total compressor station gas flow rate. A valve position transmitter 26 is provided on 
the heat exchanger bypass valve 14 operator to provide bypass valve position information (output is 
BVposition)- Outputs from the transmitters 26 to 44 provided to controller 46, are described in more 
detail in relation to Figs, 3 to 13. The controller 46 is preferably located adjacent to the heat 
exchanger bypass valve operator, where a suitable 12 to 24 VDC power supply is usually available. 
The controller 46 provides an output command signal (e.g. 12 to 24 VDC) to the heat exchanger 
bypass valve operator to either open (i.e. BV ope n) or close (i.e. BV c i 0S cd) the bypass valve 14, as 
required. Elements 10, 12, 14, 16, 20, 22, 24 and 26 to 46 together constitute a compressor station 
"A". A further compressor station "B" downstream of compressor station "A*' includes the gas 
pipeline 10 and downstream compressor 18. 

42 In a method for controlling natural gas cooling in a gas pipeline, the flow of gas through a heat 
exchanger at a compressor station, preferably including the effects of components upstream and 
downstream from the compressor station, is first modeled. The results of the modeling are then 
analyzed based upon the principles described previously in Paragraphs 17 to 38. Based on the 
application of these principles and current operating conditions of the compressor station a balance 
is found between gas cooling and heat exchanger pressure loss that results in an improvement of 
energy savings, preferably close to an optimal level. Finally, a bypass valve on the gas pipeline is 
operated to divert an amount of gas into the exchanger that achieves the desired balance. 

43 Applying the principles described previously in Paragraphs 17 to 38 and balancing the 
natural gas cooling and heat exchanger pressure loss based on the application of these principles and 
current operating conditions of the compressor station is carried out by a control algorithm that is 
preferably embodied within the controller 46, which may be a general purpose flow computer 
programmed according to this patent description. The following steps illustrate the development of 
the model and control algorithm with reference to Fig. 2A and 2B. 
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44 Utilizing a flow analysis software (i.e. Simulation Science PRO/U, HYSYS or similar), 
create a model of compressor and heat exchanger and upstream and/or downstream pipeline(s), 
compressors), and heat exchanger(s) (step 50). 

45 Run the model based on the current actual operating conditions (i.e. gas flow rate, gas 
temperature and pressure conditions) of heat exchanger to be optimized. Determine whether or not 
the calculated temperature and pressure conditions upstream and downstream of heat exchanger 
reflect the actual conditions within an acceptable level of accuracy? If not, then modify the model as 
required (step 52). If yes, then proceed to step 54. 

46 Determine the actual temperature differential between the heat exchanger inlet gas and 
ambient air for the average Spring, Summer, Fall, Winter, and peak high and peak low ambient air 
temperature day, based on operating records for the heat exchanger being modeled. Record this 
information (step 54). 

47 Determine the actual average gas flow rate and peak high and low gas flow rates through the 
compressor and the corresponding compressor discharge gas pressure at these flow rates, based on 
operating records for the compressor associated with heat exchanger being modeled. Record this 
information (step 56). 

48 Determine the percentage of compressor gas flow typically diverted through the heat 
exchanger and the corresponding pressure loss across the exchanger, given the actual average gas 
flow rate and peak high and peak low gas flow rates through the compressor, based on operating 
records for the heat exchanger being modeled. Record this information (step 58). 

49 Determine the percentage of the total number of heat exchanger cooling fans that typically 
would be utilized to cool the gas during the average Spring, Summer, Fall, Winter and peak high 
and peak low ambient air temperature day, based on operating records for the heat exchanger being 
modeled. Record this information (step 60). 
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50 Run the model using the compressor gas flow rate, compressor discharge gas pressure and 
the temperature differential between the heat exchanger inlet gas and ambient air, corresponding to 
the average Spring day, with 100 % of the compressor gas flow rate diverted through the exchanger 
(i.e. 0 % exchanger bypass flow) and all of the cooling fans operating. Record the following 
information from the output data (step 62); 

percentage of gas flow through the heat exchanger 
pressure loss across the heat exchanger 

compressor suction and discharge gas pressure and temperature for all of the compressors in 
the model 

power requirements for all of the compressors in the model 

incremental change in compression power from the baseline power requirement (identified 
in the operating records) for all of the compressors in the model 

51 Vary the gas flow rate through the heat exchanger from 100 % to 0 % of the total 
compressor gas flow rate, in 10 % increments, recording the same data as stated above in step 62, 
for each gas flow rate increment (step 64). 

52 Plot the heat exchanger gas flow rate percentage along the "X" axis and the total incremental 
change in compression power (from all of the compressors in the model) along the "Y" axis (step 
66). 

53 From the graph plotted in step 66 determine the minimum power required to transport the 
given gas flow rate through the pipeline(s). This point coincides with the optimum heat exchanger 
gas flow rate (step 68). 

54 Determine the optimum heat exchanger gas pressure differential associated with the 
optimum exchanger gas flow rate and record this information together with the corresponding 
temperature differential between the heat exchanger inlet gas and ambient air (step 70). 
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55 Repeat steps 62 through 70 for various temperature differentials between the heat exchanger 
inlet gas and ambient air to obtain at least five other optimum operating points (i.e. repeat for the 
average Summer, Fall, Winter and peak high and peak low ambient air temperature days) (step 72). 

56 Plot the temperature differential between the heat exchanger inlet gas and ambient air along 
the *T axis and the optimum heat exchanger gas pressure differential along the "Y" axis for the six 
optimum operating points produced after completing step 72 (step 74). 

57 Determine the mathematical relationship between the temperature differential (between the 
heat exchanger inlet gas and ambient air) and the optimum heat exchanger gas pressure differential 
based on the graph constructed in step 74. The mathematical equation for the line joining the 
different data points results in a basic heat exchanger control algorithm for the modeled exchanger 

(step 76). 

58 Repeat steps 62 to 76 for at least two different gas flow rates (i.e. peak high and peak low 
gas flow rates through the compressor) to determine the sensitivity of the heat exchanger control 
algorithm to changes in flow rates. This information can then be utilized to modify the control 
algorithm to account for changes in gas flow rate (step 78). 

59 Determine whether or not the temperature and pressure conditions upstream and 
downstream of heat exchanger predicted upon implementation of the control algorithm reflect the 
actual conditions within an acceptable level of accuracy? If not, then modify the control algorithm 
as required (step 80). If yes, then no further steps are required. 

60 When compared with traditional heat exchanger operation at a given gas flow rate* 
optimizing heat exchanger operation results in either the transportation of more gas for the same 
compression power (i.e. energy) input or the transportation of the same amount of gas for less 
power (i.e. energy) input. 

61 Heat exchanger optimization can be utilized to either decrease the amount of compression 
power required from the compressor 12 immediately upstream of the exchanger 22, or it can be 
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utilized to lower the compression power requirements of the downstream compressors 18 (i.e. 
compressor 18). In the latter instance heat exchanger optimization can lower the amount of 
compression power required for the next two to three downstream compressors and thereby can 
result in greater energy savings. Whether the heat exchanger optimization will reduce the upstream 
and/or downstream compression power requirements depends upon how the pipeline system is 
modeled. In order to create a control algorithm that lowers the compression power requirements of 
the downstream pipeline system, the compressor immediately upstream of the exchanger should be 
modeled to control on constant compressor discharge gas pressure. In order to create a control 
algorithm that decreases the amount of compression power required for the compressor immediately 
upstream of the exchanger, the upstream compressor station should be modeled to control on 
constant station discharge gas pressure. 

62 In order to determine the impact of heat exchanger optimization it is necessary to first 
establish a baseline. This can be done by reviewing the operating history for the upstream and/or 
downstream compressors) and comparing the power requirements versus gas throughput ratio 
before heat exchanger operation has been optimized, to the same ratio after optimization has 
occurred (note the impact of any re-calibration of instrumentation involved with these 
measurements has to be assessed prior to deriving these ratios). This requires monitoring the gas 
flow rate through the upstream and/or downstream compressors) and the fuel (i.e. energy) 
consumption of the compressor drivers (e.g. gas turbines). 

63 The inputs to and outputs from a controller 46 according to the invention (see Fig. 1) are 
shown in Figs. 3 to 13. In all ten embodiments shown in Figs. 3 to 13, the controller 46 controls gas 
flow through a heat exchanger. Transmitters 30, 34, 36, 38, 28, 29 (optional), and 33 (optional) are 
provided with all embodiments. The APgasHE , PgasHEin , T gaS HEin , T gas HEout , T a i rain b(HEm) , T air HEout 
(optional), and Pairamb (optional) signals from these transmitters are acquired and routed into the 
controller 46. The controller 46 monitors the actual heat exchanger gas pressure differential 
(APgaaHE) and compares this to the optimum heat exchanger gas pressure differential based upon a 
pre-programmed control algorithm. If the actual heat exchanger gas pressure differential (AP gaS HE) 
varies from the optimum heat exchanger gas pressure differential (as calculated by the control 
algorithm) the controller 46 sends a command signal (e.g. 12 to 24 VDC) to the operator of the heat 
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exchanger bypass valve 14 to either open (BV opC n) or close (BV c iose) the bypass valve 14, as 
required. The command signal to move the bypass valve 14 will continue until the gas pressure 
differential (AP^re) equals the optimum differential pressure calculated by the control algorithm. 
The controller 46 is based on commercially available flow computer technology together with 
added circuitry to accommodate the control algorithm which is calibrated/programmed with actual 
heat exchanger operating conditions and gas flow rate at the time of commissioning (Data i n ). The 
accuracy with which the control algorithm optimizes heat exchanger operation depends upon how 
closely the algorithm reflects the actual operating conditions of the heat exchanger. However, heat 
exchanger operating conditions can change with time. In order to ensure the accuracy of the control 
algorithm, programming updates for the algorithm are periodically required. In order to provide 
these programming updates it is first necessary to retrieve information regarding controller 46 status 
and actual heat exchanger operating parameters. These programming uploads and information 
downloads are possible through interfacing with either a local or remote upload/download devices 
(e.g. computer) via the controller 46 data input (Datai n ) and data output (Data out), respectively. 

64 In a first embodiment shown in Fig. 3, transmitters are provided as discussed in Paragraph 
60. Heat exchanger gas flow measurement (QgasstdHEesO and periodic compressor station gas flow 
measurement (Qgasstdstationest), are estimated in the manner described in Paragraphs 76B and 76M, 
respectively. The accuracy of these estimated gas flow measurements is contingent upon there being 
no change in internal fouling of the heat exchanger(Rf 0U H ng ). This is because a change in internal 
fouling (Rfouiing) would affect the heat exchanger gas pressure differential (AP^e) in a similar 
fashion as a change in gas flow rate (i.e. an increase in internal fouling would result in an increase 
the pressure differential as would an increase in gas flow rate). In this embodiment both the 
estimated heat exchanger gas flow measurement (QgasstdHEesO and compressor station gas flow 
measurement (Q gaS suistationcst) calculations utilize heat exchanger gas pressure differential (AP^re) 
data. Should a change in internal fouling (Rfouiing) occur then these estimated gas flow 
measurements would be compromised. 

65 In a second embodiment shown in Fig. 4, transmitter 26 is provided together with the 
transmitters included in embodiment one. The BVposition signal from this transmitter is acquired and 
routed into the controller 46. The second embodiment includes all of the functionality of 
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embodiment one. Actual heat exchanger bypass valve gas flow measurement (QgassidbypassacmaO is 
calculated in the manner described in either Paragraph 76H or 761. Estimated compressor station 
gas .flow measurement (Qgasstdstationcst) is calculated based on estimated heat exchanger gas flow 
measurement (QgasstdHEest) and actual heat exchanger bypass valve gas flow measurement 
(QgasstdbypassactuaO> m the manner described in Paragraph 76N. The accuracy of the estimated gas flow 
measurements is contingent upon there being no change in internal fouling of the heat exchanger 
(Rfouirag)> as with embodiment one and would be compromised should a change in internal fouling 
(Rfouiing) occur. It is possible to detect whether or not internal and/or external fouling of the heat 
exchanger (Rfouiing) has occurred if actual compressor station gas flow measurement (Qgasstdstatkmactuai) 
data is available (i.e. from outside sources in the case of embodiment two) over the same time 
period as gas flow measurement data recorded by the controller 46. The actual heat exchanger gas 
flow measurement (QgasstdHEactuai) can be calculated based on actual heat exchanger bypass valve gas 
flow measurement (Qgasstdbypassactuai) and compressor station gas flow measurement (Qgasstdstationactuai) 
in a manner described in Paragraph 76D. Any change in internal and/or external fouling of the heat 
exchanger (Rfouiing) can be detected and quantified based on original and actual heat exchanger gas 
flow measurement (QgasstdHEorig and QgasstdHEactuai, respectively), in the manner described in 
Paragraphs 76T, 76U, 76V, 76W, 76X, 76Y, 76Z, 76AA, 76BB, and 76CC. This information can 
then be utilized to modify the control algorithm, if necessary. 

66 In a third embodiment shown in Fig. 5, transmitter 32 is provided together with the 
transmitters included in embodiments one and two. The heat exchanger gas flow meter pressure 
differential (APgasmeter(HE)) signal from this transmitter is acquired and routed into the controller 46. 
The third embodiment includes all of the functionality of embodiments one and two. Actual heat 
exchanger gas flow measurement (QgasstdHEactuai) is calculated in the manner described in Paragraph 
76C. Actual compressor station gas flow measurement (Qgasstdstationactuai) is calculated based on actual 
heat exchanger gas flow measurement (Q gass tdHEactuai) and heat exchanger bypass valve gas flow 
measurement (Qgasstdb>passactuai) 5 in the manner described in Paragraph 76Q. The accuracy of the 
actual gas flow measurement is not affected by a change in internal fouling of the heat 
exchanger(Rfouimg). Any change in internal and/or external fouling of the heat exchanger (Rfouiing) 
can be detected and quantified based on original and actual heat exchanger gas flow measurement 
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(QgasstdHEong and QgasstdiiEactuai, respectively), as described in embodiment two. As with embodiment 
two, this information can then be utilized to modify the control algorithm, if necessary. 

67 In a fourth embodiment shown in Fig. 6, transmitters 42 and 40 are provided together with 
the transmitters included in embodiments one and two. The compressor station gas flow meter 
pressure differential (APgasmctotsiEtior.)) and compressor station gas flow meter pressure (Pgasmeter(sation)) 
signals from this transmitter are acquired and routed into the controller 46. The fourth embodiment 
includes all of the functionality of embodiments one and two. Actual compressor station gas flow 
measurement (Qgasstdstationactuai) is calculated in the manner described in Paragraph 76P. Actual heat 
exchanger gas flow measurement (QgasstdHEactuai) is calculated based on actual compressor station gas 
flow measurement (QgasstdstationaauaO and heat exchanger bypass valve gas flow measurement 
(Qgasstdbypassactual)> in the manner described in Paragraph 76D. As with embodiment three, the 
accuracy of the actual gas flow measurement is not affected by a change in internal fouling of the 
heat exchanger(RfouHng). Any change in internal and/or external fouling of the heat exchanger 
(Rfouiing) can be detected and quantified based on original and actual heat exchanger gas flow 
measurement (QgasstdHEong and QgasstdHEactuai, respectively), as described in embodiment two. As with 
embodiment two, this information can then be utilized to modify the control algorithm, if necessary. 

68 In a fifth embodiment shown in Fig. 7, transmitter 44 is provided together with the 
transmitters included in embodiment one. The gas temperature downstream of the heat exchanger 
piping and heat exchanger bypass piping junction (T gasm j xed ) signal from this transmitter is acquired 
and routed into the controller 46. The fifth embodiment includes all of the functionality of 
embodiment one. Estimated heat exchanger gas flow measurement (QgasstdHEactuai) is calculated in 
the manner described in Paragraph 76B, as with embodiment one. Estimated heat exchanger bypass 
valve gas flow measurement (Qgasstdbypasscst) is calculated based on estimated heat exchanger gas 
flow measurement (QgasstdHEest), in the manner described in Paragraph 76G. Estimated compressor 
station gas flow measurement (Qgasstdstationcst) is calculated based on estimated heat exchanger gas 
flow measurement (QgasstdHEest) and gas temperature downstream of heat exchanger piping and heat 
exchanger bypass piping junction (Tg^*,), in the manner described in Paragraph 760. The 
accuracy of the estimated gas flow measurements is contingent upon there being no change in 
internal fouling of the heat exchanger (Rfouiing), as with embodiment one and would be compromised 
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should a change in internal fouling (Rfouiing) occur. It is possible to detect whether or not internal 
and/or external fouling of the heat exchanger (Rfouiing) has occurred if actual compressor station gas 
flow measurement (Qgasstdstationactuai) data is available (i.e. from outside sources in the case of 
embodiment five) over the same time period as the gas flow measurement data recorded by the 
controller 46. The actual heat exchanger gas flow measurement (Q gas stdHEaciuai) can be calculated 
based on actual compressor station gas flow measurement (Qgasstdstationactuai) and estimated 
compressor station gas flow measurement (Q gaS stdstationest) in a manner described in Paragraph 76GG. 
Any change in internal and/or external fouling of the heat exchanger (Rf 0U img) can be detected and 
quantified based on original and actual heat exchanger gas flow measurement (QgasstdHEorig and 
QgasstdHEactuai, respectively), in the manner described in Paragraphs 76T, 76U, 76V, 76W, 76X, 76Y, 
76Z, 76AA, 76BB, and 76CC. This information can then be utilized to modify the control 
algorithm, if necessary. 

69 In a sixth embodiment shown in Fig. 8, transmitter 32 is provided together with the 
transmitters included in embodiments one and five. The heat exchanger gas flow meter pressure 
differentia] (AF^^^he)) signal from this transmitter is acquired and routed into the controller 46. 
The sixth embodiment includes all of the functionality of embodiments one and five. Actual heat 
exchanger gas flow measurement (QgasstdHEactuai) is calculated in the manner described in Paragraph 
76C. Actual heat exchanger bypass valve gas flow measurement (Qgasstdbypassactuai) is calculated based 
on actual heat exchanger gas flow measurement (QgasstdHEactuai) and gas temperature downstream of 
heat exchanger piping and heat exchanger bypass piping junction (T gasm j XC d), in the manner 
described in Paragraph 76K. Actual compressor station gas flow measurement (Qgasstdstationactuai) is 
calculated based on actual heat exchanger gas flow measurement (QgasstdHEactuai) and gas temperature 
downstream of heat exchanger piping and heat exchanger bypass piping junction (Tg asmixe d) 3 in the 
manner described in Paragraph 76R. The accuracy of the actual gas flow measurement is not 
affected by a change in internal fouling of the heat exchanger(Rfo U ]mg). Any change in internal 
and/or external fouling of the heat exchanger (Rfouiing) can be detected and quantified based on 
original and actual heat exchanger gas flow measurement (Qga SSUl HEorig and QgasstdHEactuai, 
respectively), as described in embodiment five. As with embodiment five, this information can then 
be utilized to modify the control algorithm, if necessary. 
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70 In a seventh embodiment shown in Fig. 9, transmitters 42 and 40 are provided together with 
the transmitters included in embodiments one and five. The compressor station gas flow meter 
pressure differential (APgasrate^tation)) and compressor station gas flow meter pressure (Pgasmctcrtstation)) 
signals from this transmitter are acquired and routed into the controller 46. The seventh embodiment 
includes all of the functionality of embodiments one and five. Actual compressor station gas flow 
measurement (Qgasstdstationactuai) is calculated in the manner described in Paragraph 76P. Actual heat 
exchanger bypass valve gas flow measurement (Qgasstdbypassactuai) is calculated based on actual 
compressor station gas flow measurement (Qgasstdstationactuai) and gas temperature downstream of heat 
exchanger piping and heat exchanger bypass piping junction (T gasm i Xe d), in the maimer described in 
Paragraph 76L. Actual heat exchanger gas flow measurement (QgasstdHEactuai) is calculated based on 
actual compressor station gas flow measurement (Qgasstdstationactuai) and gas temperature downstream 
of heat exchanger piping and heat exchanger bypass piping junction (Tgasmixcd), in the manner 
described in Paragraph 76R As with embodiment six, the accuracy of the actual gas flow 
measurement is not affected by a change in internal fouling of the heat exchanger(RfouimgX Any 
change in internal and/or external fouling of the heat exchanger (Rfouiing) can be detected and 
quantified based on original and actual heat exchanger gas flow measurement (QgasstdHEong and 
QgasstdHEactuai, respectively), as described in embodiment five. As with embodiment five, this 
information can then be utilized to modify the control algorithm, if necessary. 

71 In an eighth embodiment shown in Fig. 10, transmitter 26 is provided together with the 
transmitters included in embodiment five. The heat exchanger bypass valve position (BVposition) 
signal from this transmitter is acquired and routed into the controller 46. The eighth embodiment 
includes all of the functionality of embodiments one, two, and five. As with embodiment two, actual 
heat exchanger bypass valve gas flow measurement (Qgasstdbypassactuai) is calculated in the manner 
described in either Paragraph 76H or 761. Actual compressor station gas flow measurement 
(Qgasstdstationactuai) is calculated based on actual heat exchanger bypass valve gas flow measurement 
(Qgasstdbypassactuai) and gas temperature downstream of heat exchanger piping and heat exchanger 
bypass piping junction (T gasm j xe d) ? in the manner described in Paragraph 76S. The accuracy of the 
actual gas flow measurement is not affected by a change in internal fouling of the heat 
exchanger(Rf 0UI i ng ). Any change in internal and/or external fouling of the heat exchanger (R f0 uiing) 
can be detected and quantified based on original and actual heat exchanger gas flow measurement 
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(QgasstdHEorig and QgasstdHEactuai, respectively), as described in embodiments two and five. As with 
embodiments two and five, this information can then be utilized to modify the control algorithm, if 

necessary. 

72 In an ninth embodiment shown in Fig. 1 1, transmitter 32 is provided together with all of the 
transmitters included in embodiment eight The heat exchanger gas flow meter pressure differential 
(AP gasmc tei<HE)) signal from this transmitter is acquired and routed into the controller 46. The ninth 
embodiment includes all of the functionality of embodiments one, two, three, five, six and eight. As 
with embodiment three, actual heat exchanger gas flow measurement (QgasstdHEactuai) is calculated in 
the manner described in Paragraph 76C. This embodiment provides two independent methods for 

calculating QgasstdHEactuai , Qgasstdbypassactual > Qgasstdstationactual and thereby APgasmeterfliE) , Uhe, and Rfouling 

, which allows for cross checking of these calculations. This provides a greater degree of accuracy 
when modifying and reprogramming the control algorithm to obtain the optimum balance between 
gas cooling and heat exchanger pressure loss. 

73 In an tenth embodiment shown in Fig. 12, transmitters 42 and 40 are provided together with 
all of the transmitters included in embodiment eight. The compressor station gas flow meter 
pressure differential (Argumentation)) and compressor station gas flow meter pressure (Pgasmctcitstation)) 
signals from this transmitter are acquired and routed into the controller 46. The tenth embodiment 
includes all of the functionality of embodiments one, two, four, five, seven and eight. As with 
embodiment four, actual compressor station gas flow measurement (Qgasstdstationactual) is calculated in 
the manner described in Paragraph 76P. This embodiment provides two independent methods for 

Calculating QgasstdHEactuai , Qgasstdbypassaciual » Qgasstdstationactual and thereby AP gasmctcr(HE) , Uhe* and Rfoulmg 

, which allows for cross checking of these calculations. This provides a greater degree of accuracy 
when modifying and reprogramming the control algorithm to obtain the optimum balance between 
gas cooling and heat exchanger pressure loss. 

74 In an eleventh embodiment shown in Fig. 13, transmitters include all of those found in 
embodiment eight and nine. The eleventh embodiment includes all of the functionality of 
embodiments one, two, three, four, five, six, seven, eight, nine and ten. This embodiment provides 
three independent methods for calculating QgasstdHEactuai , Qgasstdbypassactuai , Qgasstdstationactual and thereby 
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APgasmetei(HE) i Uhe, and Rfouiing , which allows for multiple cross checking of these calculations. 
This provides a greater degree of accuracy when modifying and reprogramming the control 
algorithm to obtain the optimum balance between gas cooling and heat exchanger pressure loss. 

75 The following inputs and outputs are utilized and/or generated by the control algorithm; 

A) TgasHEin - heat exchanger inlet natural gas temperature, °K 

B) TgasKEout - heat exchanger outlet natural gas temperature, °K 

C) - ambient air temperature (i.e. heat exchanger inlet air terap),°K 

D) Pairamb - ambient air pressure, kPa(a) (optional) 

E) Tgasmixcd - natural gas temperature resulting from the mixture of the heat exchanger outlet 
gas (Tg aS HEout) and the non-cooled bypass gas (T gaS HEin), °K 

F) PgasHEin - heat exchanger inlet natural gas pressure, kPa(a) 

G) APgasHE - natural gas pressure differential across heat exchanger, kPa(g) 

H) AP gasme tei<HE) - natural gas pressure differential across heat exchanger gas flow meter, kPa(g) 

I) APgasmeterfstation) - natural gas pressure differential across compressor station gas flow meter, 
kPa(g) 

J) P g asmetcr<station) - natural gas pressure at compressor station gas flow meter, kPa(a) 

K) TairHEout - heat exchanger outlet air temperature,°K (optional) 

L) B V position -heat exchanger bypass valve actual position 

M) BVopcn - heat exchanger bypass valve open command signal 

N) B V c iosed - heat exchanger bypass valve closed command signal 

O) Power Supply - power supply to HEMD (1 2 to 24 VDC) 

P) Data out - HEMD operating data (historical and/or real time) for download to local and/or 
remote monitoring device(s). Depending on the type of sensors/transmitters available to the HEMD, 
data output can include some or all of the following information; T gasH Hin , T gasH nout , T ahan *(HEm) , 

Pairamb > Tg^^ed , PgasHEin , APgasHE , APgasmete^HE) Or APgasmcteKstation) (or Calculated gas flOW rate 
"QgasstdHE" Or "Qgasstdstarion")» PgastneterCstarion) , TairHEout , BV posit j on (or Calculated ABVopen), Calculated 

internal and external fouling heat transfer coefficients, power supply voltage, current control 
algorithm, and the time and date the data is recorded. 
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Q) Data in - CaUbration/programmmg data from local and/or remote upload device(s) to re- 
calibrate and update the HEMD software. Depending on the type of sensors/transmitters available to 
the HEMD, data input can include some or all of the following parameters; 

Tairannb(HEm) i Pairamb » Tgasmixed » PgasHEin » APgasHE % APgasineter(HE) Or APgasraeter(station) » Pgasmeter(statian) » 

TairHEout , BVposition , current internal and external fouling heat transfer coefficients, power supply 
voltage, updated control algorithm, and time and date the data is entered. 

76 The control algorithm may use some or all of the following calculations: 

A) Given ongoing PgasHEin , and TgasHEm data is available to the HEMD, then the natural gas 
specific gravity (SGgas) and compressibility factor (Zga 8 ) are calculated based upon the on going data 
and the natural gas properties using the Benedict Webb Rubin (i.e. BWR) equation of state. 

B) Given ongoing AP gasH E , PgasHEin » TgasHEin > Zgas > and SG eas data is available to the HEMD and 

that APgasHEorig , PgasHEinorig , TgasHEinorig » Zgasorig » SGgasorig , and QgasstdHEorig has been previously 

recorded when 100% of the natural gas flow was diverted through the heat exchanger during the 
initial calibration/programming of the HEMD, then the estimated gas flow rate through the heat 
exchanger (QgasstdHEcst) can be calculated as follows; (Note the accuracy of this calculation is 
dependent upon the heat exchanger 
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C) Given on going APgaanete^HE) , PgasHEin , TgasHEn , Zgas , SGgas , and heat exchanger gas flow 
orifice meter opening area (i.e. AonficeHE)* data is available to the HEMD (Note Y 0 nfice and Confice are 
based on the relationship of AonficcHE to the cross-sectional area of the piping associated with the 
orifice meter and can be obtained from lookup tables), then the actual natural gas flow rate through 
the heat exchanger (QgasstdHEactuai) can be calculated as follows; 



QgmstdHEactual - 1 '2775 * Y Qri ji ceHE * * A or ^ ceHB * 



{HE) 



SG^ * z mn 



gasHEin 
p 

\ 1 gasstd ) 



gasstd 



/J 



0.5 



D) Alternatively to Calculations "C" "E" and "F\ given on going Qgasstdbypassactuai (from 
Calculation "H" or "I", as appropriate or "L") and Qgasstdstauonactuai (from Calculation "P'\ or "S")> 
then the actual natural gas flow rate through the heat exchanger (QgasstdHEactuai) can be calculated as 
follows; 

Q gnssttlHEac tuaJ ~~ Q gasstdstai tonacrual ~ Q gasstdhypa ssactual 



E) Alternatively to Calculation "C\ U D" and "F" given ongoing Qgasstdbypassactuai (from 
Calculation "H" or "I", as appropriate or "L"), TgasHEin , TgasHEom , and T gasm i X ed data is available to 
the HEMD, then the actual natural gas flow rate through the heat exchanger (QgasstdHEactuai) can be 
calculated by iteration, as follows; 



'gasstdHEactual 



-to. 



gasstdHEactual ~ \6 gasstdbypassactual 



[fe 



gasstdHEactual gasHEoui J 



gasHEin 



F) Alternatively to Calculation "C" "D" and "E", given ongoing Qgasstdstationactuai (from 
Calculation "P" or "S"), TgasHEin > T gasH Eout, and Tgasmixcd data is available to the HEMD, then the 
actual natural gas flow rate through the heat exchanger (QgasstdHEactuai) 
can be calculated by iteration, as follows; 



'gasstdHEactual 



'fa 



gasstdstattonactual 



gasstdstationactuaJ * gasmixed 



He, 



gasstdHEactual * gaxHEout 



,1 



1 gasHEin 



30 of 50 



CA 02437264 2003-08-12 



G) Given ongoing QgasstdHEest (ftom Calculation lv B 9y ), Tga S HEin > Tga S HEout , and Tgasmixcd data is 
available to the HEMD, then the estimated natural gas flow rate through the heat exchanger 
(Qgasstdbypassest) can be calculated by iteration, as follows; 

^Qgautdbypauest + QguxstdH&M )* ^sasmixed \~~ \ 



Qgasstdbypassest 



*T \^ 

gasstdHEest * gasHEout J 



gasHEin 



H) Given the heat exchanger bypass valve is a vertical displacement slab type (i.e. gate) valve. 
Then given ongoing APgasHE » PgasHEin , TgasHEin , z gas , SGgas , and BVposition data is available to the 
HEMD and converting BVposition into a heat exchanger bypass valve opening area (i.e. Afivopen) 
(Note Y B v and Cbv are based on the relationship of Aevopen to the cross-sectional area of the bypass 
piping associated with the heat exchanger bypass valve and can be obtained from lookup tables), the 
actual natural gas flow rate through the heat exchanger (Qgasstdbypassactuai) can be calculated, as 
follows; 



Qgtisstdbypassactw! ~" 1.2775 * Y By * C By * A BVopen * 



gasHE 



* z a 



1 gasHEin 
P 

\ * gasstd J 



gasstd 
V, PgasHEin 



0.5 



I) Given the heat exchanger bypass valve is a quarter turn type (i.e. ball or plug) valve then 
APgasHE must be divided by two Then given ongoing APgasHE , PgasHEm , TgasHEm > , SGgas , and 
BVposition data is available to the HEMD and converting BVposition into a heat exchanger bypass valve 
opening area (i.e. A B vo P en) (Note Ybv and Cbv are based on the relationship of Aavopcn to the cross- 
sectional area of the bypass piping associated with the heat exchanger bypass valve and can be 
obtained from lookup tables), the actual natural gas flow rate through the heat exchanger 
(Qgasstdbypassactuai) can be calculated, as follows; 

Qgnsstdhypassactual = 0-9033 * Ygy * C BV * A BVQpm * 



AP ^ 

lxr gaiHE ( 



r gtisHEln 



gasstd 

T 

\* gasHEin J 



.f) Alternatively to Calculations "H" or T\ as appropriate or "K" or "L") given on going 
Qgasstdstationacmai (from Calculation <C P" or "R") and QgasstdHEactuai (from Calculation "C" or "F"), then 
the actual natural gas flow rate through the heat exchanger (Qgasstdbypassactuai) can be calculated as 
follows; 
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- gtusttthypa a actual 



~Q. 



ga&stdstat ionactuai 



gasstdNEac tual 



K) Alternatively to Calculation "H" or "I" as appropriate or M J" or "L" given ongoing 
QgassuMEactuai (from Calculation "C" or 4 T"), TgasHEn , T ga5H Eout , and data is available to the 

HEMD, then the actual natural gas flow rate through the heat exchanger (Qgasstdbypassactuai) can be 
calculated by iteration, as follows; 



Q 



gasstdbypauactuai 



In. 



ZgasstdHEactml 1 gasHEuui 



1 gasHEin 



L) Alternatively to Calculation "H" or 'T s as appropriate or "J" or "K", given ongoing 
Qgasstdstationactuai (from Calculation "P" or 4< R"), T gaS HEin , TgasHEout , and T gasmixod data is available to the 
HEMD, then the actual natural gas flow rate through the heat exchanger (Qgasstdbypassactuai) can be 
calculated by iteration, as follows; 



G, 



gnsstdbypassadual 



fe 



gasstdstationactual A gaxmixed 



J-fe 



-a 



)*T ] 

J 1 gasHEoul j 



1 gasHEin 



M) Given ongoing AP^he , PgasHEm , T m nBn , Zga, , and SG gas data is available to the HEMD and 
that APgasHEong > PgasHEinong , TgasHBiumg , Zgasong , SGgasong , and QgasstdHEotig has been previously 
recorded when 100% of the natural gas flow was diverted through the heat exchanger during the 
initial calibration/prograTraning of the HEMD. Then with the heat exchanger bypass valve 
temporarily closed to again divert 100 % of the gas flow through the heat exchanger, the periodic 
estimated gas flow rate through the compressor station (Qg^dstationest) can be calculated as follows; 
(Note the accuracy of this calculation is dependent upon the heat exchanger fouling resistance 
remaining constant) 



' gatsulsm: lonest 



gasstd&tat ionorig 



AP. 



gasHE 



(SG 



gasorig 



SG 



g™ J 



r gasHEin 
P 

1 gtisHEinorig J 



1 gasHEtoortg 

T gasHEin 



^ gasorig I 
Z gas ) 



OS 



N) Alternatively to Calculation "M" or "O", given ongoing CWdbypassac^ai (from Calculation 
"H" or 'T') and QgnsmiHEest (from Calculation "&") data is available to the HEMD, then the estimated 
natural gas flow rate through the compressor station (Q &aasat i 0Oest ) can be calculated with the heat 
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exchanger bypass valve in the "as found" position (i.e. without temporarily closing the bypass valve 
as in Calculation <4 M"), as follows; 

Q gtustdstat lonest ~ Q gaatdbypa ssactuat QgmstdHEes t 

O) Alternatively to Calculation "M" or l F, given ongoing QgasstdHEcst (from Calculation "B"), 
TgasHbin > T gaS HEout > and Tgasmixcd data is available to the HEMD, then the actual natural gas flow rate 
through the heat exchanger (Qgasstdstationcst) can be calculated by iteration, as follows; 

[j3g<uj fcfr ta tionest * ^gasmixcd \ ~~ \Q gasstdHEest * ^gaxHEout ] 



~~ QgasstdHEcst + 



Cgasstdstationest ~ ^CgasitdHEest 



P) Given on going APgasmeterCstntion) , Pgasmeter(station) > T gasm ixctl > Zgas , SGgas , and Station gas flow 

orifice meter opening area (i.e. Aorificesm) > data is available to the HEMD (Note Yorif lcc and Confice are 
based on the relationship of Aorificesm to the cross-sectional area of the piping associated with the 
orifice meter and can be obtained from lookup tables). Then the actual natural gas flow rate through 
the compressor station (Qgasstdstationactuai) can be calculated as follows; 



Qgassttlstat ionaciual 1*2775 * Y or {ji cestri * C 0 rificatn * ^orlficestn * 



^^gasmeter (station ) j ^ 

SG gat *z gas J 



geometer (station ) 



0.5 



Q) Alternatively to Calculation "P" "R" or "S"„ given on going Qgasstdbypassactuai (from 
Calculation "H" or "I", as appropriate or "K") and QgasstdHEactuai (from Calculation "C" or "E") data 
is available to the HEMD, then the actual natural gas flow rate through the compressor station 

(Qgasstdstationactuai) can be calculated as follows; 

Q gtastttstat ionaawl ~ Q gnsstdbypa ssactual Q gasstdHEac tual 

R) Alternatively to Calculation "P'\ "Q" or "S'\ given ongoing Q gaS stdHEactuai (from Calculation 
"C" or "E"), TgasHEin » TgasHEout , and Tgasroixcd data is available to the HEMD, then the actual natural 
gas flow rate through the heat exchanger (Q gas5 tdsiationactuai) can be calculated by iteration, as follows; 

I ( \&gatstdttutUmactual * ^gossnaed ] ~ \QgasstdHEattuaJ * TgasHEout \ \ 



' gasstdstationactual QgasstdHEactuai 



T 
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S) Alternatively to Calculation tc P'\ "Q" or "R", given ongoing Qgasstdb>passactuai (from 
Calculation "IT' or "I", as appropriate or "K"), T^HEm , Tg^HEoui , and T gasm ixed data is available to 
the HEMD, then the actual natural gas flow rate through the heat exchanger (Qgasstdstationactuai) can bc 
calculated by iteration, as follows; 

\Q gauldslationacnuil * ^gmmixed ] ~" Kj2 gautdstationaciual ~~ Q g&vtdbyp axsactvai )' •7, 



Q gasstdstn'imtncn:a1 Q gnsstdswtionactucl Q gvsstdbypassactuct 



gasHKout . 



L gasHEin 



T) Given on going P gaS HEin , TgasHEin , Zg as , SGgas , and QgasstdHEacuai (from Calculation "C", "D", 
"E" or "F") data is available to the HEMD and that APgasHEong , 

SGgasoHg , and QgassidHEong has been previously recorded when 100% of the natural gas flow was 
diverted through the heat exchanger during the initial calibration/programming of the HEMD, then 
the expected pressure differential across the heat exchanger (AP gaS HEcxpect) can be calculated as 
follows; 



^ J gmHE cxp ect ~~ ^gnsHEorig * 



[g 

u 



gttsstdHEac ntal 



gass/dHEor ig J 



SG 



gas 



\ gusot ig J 



' giisHEinori g 



gasHEin 



gasHEin 



T 

gasHEinori g J 



( 



\^gcsorig J 



U) Given on going APgasHE and APgasHEexpeci (from Calculation T 1 ) data is available to the 
HEMD, then the change in pressure differential across the heat exchanger (AP ga sHEchange) can be 
calculated, as follows; 



^PgnsHEchtrng c ~ ^gtuHE ^ gas HE cxp 



If APgasHEchange > 0 (zero) then an increase in pressure differential across the heat exchanger has 
occuired. Conversely, if APgasHEchange < 0 (zero) then a decrease in pressure differential has occurred. 
In any case the HEMD will then send either an open or close (BV opcn or BV c i OS c) command signal to 
the heat exchanger bypass valve operator to adjust the bypass valve position (BV poS jtion) m & thereby 
adjust the natural gas flow through the exchanger in order to accommodate the new conditions and 
obtain the new optimum balance between gas cooling and heat exchanger pressure loss. The HEMD 
will record any increase in pressure differential across the heat exchanger (AP gas HEchanse) and flag the 
incident for possible future maintenance action as the increase may be due to internal fouling of the 
exchanger tubes. 
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V) Given TgasHEinong » Tg^sHEoutorig » /&gasHEorig , Cpgasong , AHEext » F or i g , and LMTDong, data is 
available to the HEMD after initial calibration/programming of the HEMD, then the actual original 
overall heat transfer coefficient (UHEdirtyong) with fouling resistance (Rf 0U img) (i.e. dirty) included can 
be calculated, as follows; 



U 



t lEttirtyorig 



HEorig Pgatorig 



I * ^TgusHEuiorig ^gasHEcutorig ) 



W) Given on going TgasHEm , TgasHEout , z&gasHE , Cpgas , Ahecxi > F, and LMTD, data is available to 
the HEMD, then the actual overall heat transfer coefficient (UHEdinyactuai) with fouling resistance 
(Rtbuiing) (i.e. dirty) included can be calculated, as follows; 



X) Given d tU bc , D tubc , k^bc 3 h gas0 rig and hatrong data is available to the HEMD after initial 
calibration/programming of the HEMD, then the original overall heat transfer coefficient 
(U H Ecieanorig) with no fouling resistance (Rfouimg) (i.e. clean) can be calculated, as follows; 



U 



HEcieanorig 
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n "gasortg 
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\ n airorig J 



Y) Given on going d&be , D tU be ktube > hgas and h a ir data is available to the HEMD, then the actual 
overall heat transfer coefficient (UnEckanactuai) with no fouling resistance (Rfouiing) (i.e. clean) can be 
calculated, as follows; 



U 



ItEclcannctual 



1000* 



**/ube 



*h„ 



2 ^ ^tube 



'tubs 



d tubc 



Z) Given UHEdirtyong and UHEcieanorig (from calculations "V" and "X" based upon the same 
natural gas mass flow rates through the heat exchanger) data is available to the HEMD, then the 
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original fouling resistance (Rfouiingong) that has occurred in the heat exchanger can be calculated as 

follows; 

R ~ 1 1 

U HEdirtyorig U HEcieanong 

AA) Given on going UHEdirtyactuai and UHEdeanactuai (from calculations T and "Y" based upon the 
same natural gas mass flow rates through the heat exchanger) data is available to the HEMD, then 
the actual fouling resistance (RfouHngactoai) that has occurred in the heat exchanger can be calculated 
as follows; 

R = 1 1 

fcxtliitguctual jj j j 

U HEdirtyact ml U HEdeanuctwit 

BB) Given on going Rfouiingorig and Rfouimgactuai (from calculations "Z" and "AA") data is available 
to the HEMD, then the actual change in fouling resistance (Rfouimgchange) that has occurred in the heat 
exchanger can be calculated, as follows; 

^ foulingchfingc ~ & fouliagua mil ~" ^ fauttngprig 



CC) Given on going Rfouimgchange (from calculation "BB") and APgasHEchangc (from calculation "S") 
data is available to the HEMD, then it is possible to detect whether or not the difference in fouling 
resistance (Rfouiing) is internal or external, as follows; 

If in the first case Rf 0U iitigchangc < 0 (zero), then fouling has been removed from the heat exchanger 
tubes. If in the second case Rfouiingchange = 0 (zero) then no change has occurred in the fouling 
resistance of the heat exchanger tubes. If in the third case Rfouimgchange > 0 (zero) and APgasHEchange > 0 
(zero) then an increase in internal fouling resistance of the heat exchanger tubes has occurred. If in 
the fourth case Rfouimgchange > 0 (zero) and APg^HEchange ~ 0 (zero) then an increase in external 
fouling resistance of the heat exchanger tubes has occurred. In the first case the ability of the heat 
exchanger to cool the natural gas has been enhanced. In the second and third cases the ability of the 
heat exchanger to cool the gas has been diminished. The HEMD will calculate and quantify the 
impact of the change in fouling resistance on the heat exchanger outlet gas temperature using some 
or all of the equations found in Paragraphs 17 to 32. The HEMD, will then send either an open or 
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close (BVopcn or BV c i 0 sc) command signal to the heat exchanger bypass valve operator to adjust the 
bypass valve position (BVposition) and thereby adjust the natural gas flow through the exchanger, in 
order to accommodate the new conditions and obtain the new optimum balance between gas cooling 
and heat exchanger pressure loss. The HEMD will record any increase in fouling resistance of the 
heat exchanger tubes (ARf 0U iingchange) and flag the incident for possible future maintenance action. 

DD) Given on going TgasHEin and TgasHBout data is available to the HEMD, then the temperature 
differential across the heat exchanger (ATgasHE) can be calculated as follows; 

^TgitsHE ~T g{(sHEtn -TguHEout 

EE) Given on going T gaS HEn and T a iran*(Hnm) data is available to the HEMD, then the temperature 
differential between the hot heat exchanger inlet natural gas temperature and cool exchanger inlet 
air temperature (ATgaa/air) can be calculated as follows; 

^gas/air = TgasHEin " ^ *aimmb(HEln) 

FF) Given on going AP^hf , ATgas/air , and Qgasstdstation data is available to the HEMD, the 
optimum heat exchanger pressure differential (APgasHE(optimum)) and thereby bypass valve opening 
area (A B vopen(o P timum)) is determined by the control algorithm. The difference (A B vopcn(chMige)) between 
the optimum opening area and the current bypass valve opening area (A B vopen(cwrcnt)) can be 
calculated, as follows; 

AnVopcn(chattgt) = ^BVopem {optimum) ~~ ^ BVof ten {current 

If A B vopcn(change) > 0 (zero) then the HEMD will convert ABVopcn(change) into the corresponding 
optimum heat exchanger bypass valve position (BVpo S ition(optimum)). The HEMD will then send an 
open command signal (BV op en) to the heat exchanger bypass valve operator to open the bypass 
valve until the optimum opening position has been achieved. If A BVo pen(chaTige) < 0 then the HEMD 
will again convert Asvopenfchange) into the corresponding optimum heat exchanger bypass valve 
position (BVposiH^opH™^). The HEMD will then send a close command signal (BV clo$ c) to the heat 
exchanger bypass valve operator to close the bypass valve until the optimum opening position has 
been achieved. 
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GG) Given Qgasstdstauonactuai (from outside sources), Qgasstdstationcst (from Calculation "O") and 
QgasstdHEnest (from Calculation <4 B"), then the actual natural gas flow rate through the heat exchanger 
(QgasstdHEactuai) can be calculated, as follows; 

re. 



'gasstdHEactual 



gasstdHEesr 



I 2 



gputdsrationcst J 



11 The controller 46 is preferably operated to achieve optimum flow energy savings. This may 
be achieved by reference to the graphs of Figs. 14 to 17, or their mathematical equivalent stored in a 

computer. 

78 In Figs. 14 and 15, the curves are based on a 30 MW compressor station with heat 
exchanger. The lower curve on this graph represents the incremental compressor power required to 
overcome the pressure loss associated with flowing gas through a heat exchanger. The far left of 
this curve indicates the maximum compressor power required to overcome the pressure loss 
associated with flowing all of the natural gas from the compressor through the heat exchanger. The 
right end of the curve shows that no compression power is required when there is no flow through 
the exchanger 



79 The upper curve depicts the power saving that results from transporting cooled natural gas 
through a pipeline, when all exchanger fans are operating, based on the cooling available for a 
typical Spring or Fall day. The upper curve drops off slowly because the amount of heat transferred 
(from the natural gas to the air in this case) is not directly proportional to the gas flow rate through 
the exchanger. For example when gas flow rate through the exchanger is reduced to one half the full 
gas flow rate, the amount of heat transfer equals approximately 78 % of the full flow heat transfer 
(for an average sized mainline transmission heat exchanger) (see equations in Paragraphs 28 and 
29). In this case although less natural gas is being cooled at the reduced flow rate, the gas is being 
cooled to a greater degree (i.e. closer to the ambient air temperature). The net effect is a non- 
proportional change in the amount of heat transferred with a reduction in gas flow rate through the 
exchanger, as depicted in this graph. 
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80 Upon comparison of the two curves it can be seen that the slope of the upper curve initially 
changes at a slower rate than that of the lower curve. It is this phenomena that provides the basis for 
optimizing exchanger performance. The difference between the two curves represents the net power 
saving from cooling the natural gas. For example 80 % of the gas flow rate through the exchanger 
requires an extra 1400 kW of compressor power (to overcome exchanger pressure loss), but results 
in a (gross) savings of 2800 kW due to a lower pressure loss along the downstream pipeline 
(resulting from lower temperature inlet gas). This results in a net power saving of approximately 
1400 kW. 

81 As shown in Fig. 15, by comparing the two curves depicted in the graph of Fig. 14, it can be 
seen that the greatest net power saving occurs when approximately 50 % of the natural gas flows 
through the exchanger (i.e. optimum gas flow rate occurs when approximately 50 % of the gas flow 
rate bypasses the exchanger) and results in a net power saving of approximately 1750 kW. 

82 Referring to Fig. 16, which is a graph showing incremental power saving curves based on 
the cooling available for an average winter, Spring or Fall, and Summer day and the incremental 
compressor power curve, the lower power saving curve represents the impact of the heat exchanger 
based on a Summer day. The greatest difference between this curve and the incremental compressor 
power curve occurs when approximately 34 % of the natural gas flows through the exchanger (i.e. 
optimum gas flow rate occurs when approximately 66 % of the gas flow rate bypasses the 
exchanger) and results in a net power saving of approximately 600 kW. The center curve is the 
same one depicted in Fig. 14 and is based on the cooling available for an average Spring or Fall day. 
As stated previously the greatest net power saving occurs when approximately 50 % of the gas 
flows through the exchanger. 

83 The upper curve represents the impact of the heat exchanger based on an average winter 
day. The greatest difference between this curve and the incremental compressor power curve occurs 
when approximately 60 % of the natural gas flows through the exchanger (i.e. optimum gas flow 
rate occurs when approximately 40 % of the gas flow rate bypasses the exchanger) and results in a 
net power saving of approximately 1950 kW. 
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84 Referring to Fig. 17, it can be seen that a relationship exists between the temperature 
differential between the heat exchanger inlet gas and ambient air (i.e. ATI, AT2 and AT3) and the 
optimum gas flow rate through the exchanger. This in turn can be translated into a relationship 
between the temperature differential between the exchanger inlet gas and ambient air and the 
optimum heat exchanger gas pressure differential which is the basis for the heat exchanger control 
algorithm. This relationship is unique to every heat exchanger installation and is based upon 
numerous parameters including heat exchanger design (i,e. total cooling surface area, and number, 
configuration, length and diameter of the cooling tubes, and overall heat transfer coefficient), heat 
exchanger inlet gas temperature and pressure, ambient air temperature, the specific heat capacity of 
the natural gas and air, total gas flow rate from upstream compressor^), maximum air flow rate 
through the exchanger, compressor performance and efficiency, downstream pipeline 
characteristics (i.e. pipe size, wall thickness, burial depth, etc.) and soil conductivity. 



85 The net power saving resulting from optimizing natural gas flow rate through the exchanger 
results in a reduction in the power to gas throughput ratio and can improve the efficiency of a 
pipeline in one of two ways. The net power saving can either be utilized to move the same amount 
of gas through a pipeline with less compressor power or to move more gas through the pipeline with 
the same amount of power as is currently required. The reduction in the power to gas throughput 
ratio also results in a significant reduction in CO2 emissions per given gas throughput. 

86 The following nomenclature is used in the equations presented in this disclosure: 



Abuadie = ^at exchanger bundle area available for air flow (i.e. total bundle area less area taken up by 
tubes), m 2 

Aavopen = beat exchanger bypass valve opening area based upon BVpo,^ m 2 

Ahecxi 1=1 tota l bare tube external surface area of heat exchanger, m 2 

AoriftcftHE = beat exchanger gas flow meter orifice opening area, m 2 

Aorificcam = station gas flow meter orifice opening area, m 2 

Ambe = cross-sectional area of heat exchanger cooling tube, m 2 

BV d05c = heat exchanger bypass valve close command 

BVopeo - heat exchanger bypass valve open command 

BVpojfcon = heat exchanger bypass valve actual position, (0 - 90 degrees for quarter turn valves and 0 - 

1 00 percent of total travel for linear actuated valves) 

Cp a i r = specific heat capacity of air at constant pressure, kJ/kg°K 

Cpga, = specific heat capacity of natural gas at constant pressure, kJ/kg °K 

C B v = beat exchanger bypass valve flow coefficient (from tables) 

Confict = gas flow orifice meter coefficient (from tables) 

°C = degrees Celsius (Le.0°C = 273.15 *K) 

Dateu, = data transfer into the HEMD (i.e. controller) 
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Dataout = data transfer out of the HEMD (i.e. controller) 

dpjpe = inside pipe diameter, m 

dcubc 5=5 heat exchanger cooling tube inside diameter, m 

Dtubc = heat exchanger cooling tube outside diameter, m 

£/dpipc ■ piping surface roughness, dimensionless 

f mbc = D * Arcy friction factor of heat exchanger cooling tubes 

F = correction factor when using other than a counterflow double pipe type heat exchanger (i.e. 

for a cross flow type air cooled heat exchanger) 

ha* = heat transfer coefficient of air, W/m 2 -°K 

hgu ■= heat transfer coefficient of natural gas, W/m 2 -°K 

HEMD = heat exchanger management device (i.e. controller) 

°K = degrees Kelvin (i.e. 0°C = 273.15 °K) 

kg = kilogram 

kJ = kiiojoules ( 1 000 Newton • meter) 

km = kilometer 

kmol = kilornole 

kPa = kiloPascals ( 1 000 Newton/m 2 ) 

kW = kilowatt (kilojoule/s) 

kedgas ~ adiabatic exponent of natural gas Cp^/Cv^ 

keir = thermal conductivity of air, W/m°K 

kg« = thermal conductivity of natural gas, W/m-°K 

k^be = thermal conductivity of heat exchanger cooling tube, W/m-°K 

Lpipe = length of pipeline, km 

Liube = length of heat exchanger cooling tubes, m 

LMTD = log mean temperature difference based on counterflow double pipe type heat exchanger, °K 

m = meter 

z&air = air mass flow rate, kg/s 

^&airHB = heat exchanger cooling air mass flow rate, kg/s 

T&ga, - natural gas mass flow rate, kg/s 

fl&sasHE = natural gas mass flow rate through heat exchanger, kg/s 

z&gKcotnp = natural gas mass flow rate through compressor, kg/s 

>&gaspipe = natural gas mass flow rate through pipeline, kg/s 

MSC = metric standard conditions (288.15°K (i.e. 15°C) and 101.3 kPa) 

MW gas = natural gas molecular weight, kg/kmol 

Newton - force, kg m/s 2 

NnEtubei - number of cooling tubes in heat exchanger 

rjad = adiabatic compressor efficiency 

Pairau* - ambient air pressure, kPa(a) 

Pflasinici = pipeline inlet natural gas pressure, kPa(a) 

Pgasoutfct = pipeline outlet natural gas pressure, kPa(a) 

Pgwsrd - natural gas pressure at standard conditions, 101.325 kPa(a) 

Peiscouipdii = compressor discharge natural gas pressure, kPa(a) 

g&scompsuc 

compressor suction natural gas pressure (sP^, ^ dis -AP^g), kPa(a) 

PfiasHEhi = heat exchanger inlet natural gas pressure, kPa(a) 
PgasmeteKuation) - natural gas pressure at compressor station gas flow meter, kPa(a) 

APgasHE = natural gas pressure differential across heat exchanger (i.e. pressure loss), kPa 
APgasmcteKHE) ~ natural gas pressure differential across heat exchanger gas flow meter, kPa 
APgasaieterdiaiiojo = natural gas pressure differential across compressor station gas flow meter, kPa 

APgaspipo = natural gas pressure differential along a pipeline, kPa 

Pwcomp ~ compression power, kW 

p tiT = air density at standard conditions (288.15°K (i.e. 15°C) and 101.3 kPa), 1.2255 kg/m 3 

Pgu = natural gas density, kg/m 3 

q = heat (energy) transfer, kJ 
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q lir = heat (energy) transfer to air, kJ 

qga, = heat (energy) transfer to natural gas, kJ 

q HB = heat (energy) transfer by heat exchanger, kJ 

Qgasstdbypws = calculated flow rate of natural gas through heat exchanger bypass valve at MSC, mVs 

QcwstdHE = calculated flow rate of natural gas through heat exchanger at MSC, mVs 

QeMstdstsiion = calculated flow rate of natural gas through compressor station at MSC, m 3 /s. 

R = universal gas constant equals 8.314 kJ/kmol°K 

Rfouimg = heat exchanger tube fouling resistance factor , m 2 o K/kW 

s ~ second 

SGgas = specific gravity of natural gas 

Tainrnib^Em) - ambient air temperature (i.e. heat exchanger air inlet temperature), °K 

TaoHEom = beat exchanger outlet air temperature , °K 

Tgajcompdb ■ compressor discharge natural gas temperature, °K 

Tgascompsuc = compressor suction natural gas temperature, °K 

TguHEii! = heat exchanger inlet natural gas temperature (= T^n^, °K 

TgwHEout = heat exchanger outlet natural gas temperature, °K 

Tgastaiet - pipeline inlet natural gas temperature , °K 

Tgasroixcd = natural gas temperature resulting from the mixture of the heat exchanger outlet gas (T^heouO 

with the non-cooled bypass gas OW^X °K 

pipeline outlet natural gas temperature , °K 

Tgasstd = natural gas temperature at standard conditions, 288.15 °K (1 5 °C) 

ATgaVair = natural gas temperature differential between the heat exchanger inlet gas and ambient air, °K 

ATgascojnp = natural gas temperature differential between the compressor inlet and outlet gas, °K 

AT^E = natural gas temperature differential between the heat exchanger inlet and outlet gas, °K 

Uhe = overall heat transfer coefficient of heat exchanger, kW/m 2 -°K 

u air = dynamic viscosity of air, kg/m-s (Note I kg/m-s = 1000 Centipoise) 

jiga, = dynamic viscosity of natural gas, kg/ms (Note lkg/ms = 1000 Centipoise) 

W = Watt 

Y B v = heat exchanger bypass valve net expansion factor (from tables) 

Yonfice = gfls flow orifice meter net expansion factor (from tables) 

53 natural gas compressibility (calculated based upon gas components, pressure and 
temperature) 

Zfiwcwnpdis- compressor discharge natural gas compressibility (calculated) 

Zgaacompsuc = compressor suction natural gas compressibility (calculated) 

ZKasinfci = pipeline inlet natural gas compressibility (calculated) 

Zgasoutict = pipeline outlet natural gas compressibility (calculated) 
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I claim: 

1. A method for controlling gas cooling in a gas pipeline having a heat exchanger at a 
compressor station, the method comprising the steps of: 

A) obtaining observations of parameters that are characteristic of gas flow through the 
compressor station under a set of operating conditions having a corresponding energy cost; 

B) from the observations of step A, determining a balance between gas cooling and heat 
exchanger gas pressure loss that results in an improvement of energy savings by comparison with 
the energy cost of the set of operating conditions; and 

C) operating a bypass valve on the gas pipeline to divert an amount of gas into the heat 
exchanger that achieves the balance determined in step B. 

2. The method of claim 1 in which the method steps A and B are carried out in a controller 
operably connected to the bypass valve. 

3. The method of claim 1 in which method step B uses an algorithm derived from a 
mathematical model of the heat exchanger, compressor station and gas pipeline. 

4. The method of claim 1 in which the determination of step B results in optimization of 

energy savings. 

5. The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, gas temperature downstream of heat exchanger piping and heat exchanger 
bypass piping junction, the heat exchanger bypass valve position (Le. degree of opening), gas 
pressure at the inlet of the heat exchanger, gas pressure loss across the heat exchanger, gas pressure 
loss across the heat exchanger gas flow meter, gas pressure loss across the station gas flow meter, 
gas pressure at the station gas flow meter, actual (double redundant) gas flow rate through the heat 
exchanger, heat exchanger bypass valve and compressor station, and heat exchanger fouling. 
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6. The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, gas temperature downstream of heat exchanger piping and heat exchanger 
bypass piping junction, the heat exchanger bypass valve position (i.e. degree of opening), gas 
pressure at the inlet of the heat exchanger, gas pressure loss across the heat exchanger, gas pressure 
loss across the station gas flow meter, gas pressure at the station gas flow meter, actual (redundant) 
gas flow rate through the heat exchanger, heat exchanger bypass valve and compressor station, and 
heat exchanger fouling. 

7. The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, gas temperature downstream of heat exchanger piping and heat exchanger 
bypass piping junction, the heat exchanger bypass valve position (i.e. degree of opening), gas 
pressure at the inlet of the heat exchanger, gas pressure loss across the heat exchanger, gas pressure 
loss across the heat exchanger gas flow meter, actual (redundant) gas flow rate through the heat 
exchanger, heat exchanger bypass valve and compressor station, and heat exchanger fouling. 

8. The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, gas temperature downstream of heat exchanger piping and heat exchanger 
bypass piping junction, the heat exchanger bypass valve position (i.e. degree of opening), gas 
pressure at the inlet of the heat exchanger, gas pressure loss across the heat exchanger, actual gas 
flow rate through the heat exchanger, heat exchanger bypass valve and compressor station, and heat 
exchanger fouling. 

9. The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, gas temperature downstream of heat exchanger piping and heat exchanger 
bypass piping junction, gas pressure at the inlet of the heat exchanger, gas pressure loss across the 
heat exchanger, gas pressure loss across the station gas flow meter, gas pressure at the station gas 
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flow meter, actual gas flow rate through the heat exchanger, heat exchanger bypass valve and 
compressor station, and heat exchanger fouling. 

10. The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, gas temperature downstream of heat exchanger piping and heat exchanger 
bypass piping junction, gas pressure at the inlet of the heat exchanger, gas pressure loss across the 
heat exchanger, gas pressure loss across the heat exchanger gas flow meter, actual gas flow rate 
through the heat exchanger, heat exchanger bypass valve and compressor station, and heat 
exchanger fouling. 

1 1, The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, gas temperature downstream of heat exchanger piping and heat exchanger 
bypass piping junction, gas pressure at the inlet of the heat exchanger, gas pressure loss across the 
heat exchanger, and estimated gas flow rate through the heat exchanger, heat exchanger bypass 
valve and compressor station. 

1 2, The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, the heat exchanger bypass valve position (i.e. degree of opening), gas 
pressure at the inlet of the heat exchanger, gas pressure loss across the heat exchanger, gas pressure 
loss across the station gas flow meter, gas pressure at the station gas flow meter, actual gas flow rate 
through the heat exchanger, heat exchanger bypass valve and compressor station, and heat 
exchanger fouling. 

1 3. The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, the heat exchanger bypass valve position (i.e. degree of opening), gas 
pressure at the inlet of the heat exchanger, gas pressure loss across the heat exchanger, gas pressure 
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loss across the heat exchanger gas flow meter, actual gas flow rate through the heat exchanger, heat 
exchanger bypass valve and compressor station, and heat exchanger fouling. 

14. The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, the heat exchanger bypass valve position (i.e. degree of opening), gas 
pressure at the inlet of the heat exchanger, gas pressure loss across the heat exchanger, estimated 
gas flow rate through the heat exchanger and compressor station, and actual gas flow rate through 
the heat exchanger bypass valve. 

15. The method of claim 1 in which the observations of step A comprise gas temperature at the 
inlet of the heat exchanger, gas temperature at the outlet of the heat exchanger, ambient air 
temperature and pressure, gas pressure at the inlet of the heat exchanger, gas pressure loss across 
the heat exchanger, estimated gas flow rate through the heat exchanger and periodic estimated gas 
flow through the heat exchanger bypass valve, and compressor station. 

1 6. The method of claim 1 further comprising the steps of: 
finding the gas flow rate through the heat exchanger; and 

adjusting the determination of step B for the gas flow rate through the heat exchanger 

1 7. The method of claim 1 further comprising the steps of: 
finding the gas flow rate through the bypass valve; and 

adjusting the determination of step B for the gas flow rate through bypass valve. 

1 8. The method of claim 1 further comprising the steps of: 
finding the gas flow rate through the compressor station; and 

adjusting the determination of step B for the gas flow rate through the compressor station. 

19. The method of claim 1 further comprising the steps of: 

finding the expected pressure differential across the heat exchanger at a level of gas flow 

rate; 
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finding the actual pressure differential across the heat exchanger at a level of gas flow rate; 

finding a relationship between the actual pressure differential and expected pressure 
differential across the heat exchanger at the level of gas flow rate; and 

finding the degree of internal fouling of the heat exchanger from the relationship found in 
the preceding step. 

20. The method of claim 19 further comprising the step of: 

adjusting the determination of step B for the gas flow rate through the heat exchanger. 

2 1 . The method of claim 1 9 further comprising the step of: 

recording the increase in pressure differential across the heat exchanger tubes for future 
maintenance action. 

22. The method of claim 1 further comprising the steps of: 

finding the original dirty overall heat transfer coefficient for the heat exchanger at a level of 
cooling and gas flow rate; 

finding the original clean overall heat transfer coefficient for the heat exchanger at a level of 
cooling and gas flow rate; 

finding a relationship between the original dirty and clean overall heat transfer coefficient at 
the level of cooling and gas flow rate; and 

finding the original fouling resistance for the heat exchanger from the relationship found in 
the preceding step. 

23 . The method of claim 1 further comprising the steps of: 

finding the actual current dirty overall heat transfer coefficient for the heat exchanger at a 
level of cooling and gas flow rate; 

finding the actual current clean overall heat transfer coefficient for the heat exchanger at a 
level of cooling and gas flow rate; 

finding a relationship between the actual current dirty and clean overall heat transfer 
coefficient at a level of cooling and gas flow rate; and 
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finding the actual current fouling resistance for the heat exchanger from the relationship 
found in the preceding step. 

24. The method of claims 19, 22 and 23 further comprising the steps of: 

finding a relationship between the original fouling resistance and actual current fouling 
resistance for the heat exchanger at level of cooling and gas flow rate; and 

finding the degree of internal and/or external fouling of the heat exchanger from the 
relationship found in the preceding step. 

25. The method of claim 24 further comprising the step of: 

adjusting the determination of step B for the gas flow rate through the heat exchanger. 

26. The method of claim 24 further comprising the step of: 

recording the increase in internal and/or external fouling of the heat exchanger tubes for 
future maintenance action. 

27. Apparatus for controlling gas cooling in a gas pipeline, the apparatus comprising: 
a compressor station through which a gas pipeline flows gas; 

a heat exchanger on a cooling circuit attached to the gas pipeline; 
a bypass valve on a line parallel to the cooling circuit; 

transmitters in the compressor station for producing observations of operating parameters of 
the compressor station; 

a controller operably connected to the bypass valve and to the transmitters, the controller 
incorporating a model of flow of gas through a heat exchanger at a compressor station and being 
configured to determine, from the model and the observations, a balance between gas cooling and 
heat exchanger pressure loss that results in an improvement of energy savings; and 

the controller having output for controlling operation of the bypass valve on the gas pipeline 
to divert gas into the heat exchanger. 
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28. A method for controlling gas cooling in a gas pipeline having a heat exchanger at a 
compressor station, the gas pipeline having a bypass valve for controlling the amount of gas 
diverted from the gas pipeline into the heat exchanger, the method comprising the steps of: 

A) obtaining observations of parameters that are characteristic of gas flow through the 
compressor station under a set of operating conditions having a corresponding energy cost, which 
observations comprise gas temperature at the inlet of the heat exchanger, gas temperature at the 
outlet of the heat exchanger, ambient air temperature and pressure, gas temperature downstream of 
heat exchanger piping and heat exchanger bypass piping junction and/or the heat exchanger bypass 
valve position (i.e. degree of opening), gas pressure at the inlet of the heat exchanger, gas pressure 
loss across the heat exchanger, gas pressure loss across the heat exchanger gas flow meter and/or 
gas pressure loss across the station gas flow meter and gas pressure at the station gas flow meter, 
gas flow rate through the heat exchanger, heat exchanger bypass valve and compressor station, and 
heat exchanger fouling. 

B) from the observations of step A, determining, in a controller operably connected to the 
bypass valve, a balance between gas cooling and heat exchanger pressure loss that results in an 
improvement of energy savings by comparison with the energy cost of the set of operating 
conditions, which determination is carried out using an algorithm derived from a mathematical 
model of the heat exchanger, compressor station(s) and gas pipeline; and 

C) operating the bypass valve on the gas pipeline to divert an amount of gas into the heat 
exchanger that achieves the balance determined in step B. 

29. The method of claim 28 in which the determination of step B results in optimization of 
energy savings. 
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ABSTRACT OF THE DISCLOSURE 



An electronic HEMD determines the optimum balance between gas cooling and heat exchanger 
pressure loss, for any given operating condition, and adjusts the gas flow rate through the exchanger 
accordingly, to yield the maximum net power savings (and thereby energy savings) afforded by the 
exchanger. Maintaining the optimum balance between cooling and exchanger pressure loss reduces 
the amount of energy required to transport a given volume of gas through a pipeline and thereby 
increases the transmission efficiency of the gas pipeline system. A method of operating a heat 
exchanger on a natural gas transmission pipeline using a control algorithm that in turn controls the 
position of a heat exchanger bypass valve. The current operating conditions of the upstream 
compressor and gas cooling system are continually monitored for any changes and the control 
algorithm determines, the optimum flow through the heat exchanger and initiates a command signal 
to the exchanger bypass valve operator to move the bypass valve and thereby increase or decrease 
the gas flow rate through the exchanger, as required, until the optimum balance between gas cooling 
and heat exchanger pressure loss has been achieved. 
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Fig. 1 Natural Gas Pipeline Schematic 

▲ 
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Fig. 2A Steps involved in Deriving the Control Algorithm - Part A 



Create a model of compressor and heat exchanger 
and upstream and/or downstream pipeline(s), 
compressors), and heat exchangers) (step 50). 



Run the model based on the current actual operating 
conditions (i.e. gas flow rate, gas temperature and 
pressure conditions) of heat exchanger to be 
optimized. Determine whether ot not the calculated 
temperature and pressure conditions upstream and 
downstream of heat exchanger reflect the actual 
conditions within an acceptable level of accuracy? If 
not, then modify the model as required (step 52). If 
yes, then proceed to step 54. 



Determine the actual temperature differential 
between the heat exchanger inlet gas and ambient air 
for the average Spring, Summer, Fall, Winter and 
peak high and peak low ambient air temperature day, 
based on operating records for the heat exchanger 
being modeled. Record this information (step 54). 



Determine the actual average gas flow rate and peak 
high and low gas flow rates through the compressor 
and the corresponding compressor discharge gas 
pressure at these flow rates, based on operating 
records for the compressor associated with heat 
exchanger being modeled. Record this information 
(step 56). 



Determine the percentage of compressor gas flow 
typically diverted through the heat exchanger and the 
corresponding pressure loss across the exchanger, 
given the actual average gas flow rate and peak high 
and peak low gas flow rates through the compressor, 
based on operating records for the heat exchanger 
being modeled. Record this information (step 58). 



Determine the percentage of the total number of heat 
exchanger cooling fans that typically would be 
utilized to cool the gas during the average Spring, 
Summer, Fall, Winter and peak high and peak low 
ambient air temperature day, based on operating 
records for the heat exchanger being modeled. 
Record this information (step 60). 



Run the model using the compressor gas flow rate, 
compressor discharge gas pressure and the 
temperature differential between the heat exchanger 
inlet gas and ambient air, corresponding to the 
average Spring day, with 100 % of the compressor 
gas flow rate diverted through the exchanger (i.e. 0 
% exchanger bypass flow) and all of the cooling fans 
operating. Record foe following information from the 
output data (step 62); 

• percen tage of gas flow through the heat 
exchanger 

• pressure loss across the heat exchanger 

• compressor suction and discharge gas pressure 
and temperature for all of the compressors in 
the model 

• power requirements for all of the compressors 
in the model 

• incremental change in compression power from 
the baseline power requirement (identified in 
the operating records) for all of the compressors 
in the model 



Vary the gas flow rate through the heat exchanger 
from 1 00 % to 0 % of the total compressor gas flow 
rate, in 10 % increments, recording the same data as 
stated above in step 62, for each gas flow rate 
increment (step 64). 



Plot the heat exchanger gas flow rate percentage 
along the "X" axis and the total incremental change 
in compression power (from all of the compressors in 
the model) along the ft Y w axis (step 66). 



From the graph plotted in step 66 determine the 
minimum power required to transport the given gas 
flow rate through the pipeline(s). This point 
coincides with the optimum heat exchanger gas flow 
rate (step 68). 



Continued in Part B, below 
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Fig. 2B Steps involved in Deriving the Control Algorithm - Part B 



Continued from Part A, above 



Determine Ihe optimum heat exchanger gas pressure 
differential associated with the optimum exchanger 
gas flow rate and record this information together 
with the corresponding temperature differential 
between the heat exchanger inlet gas and ambient air 
(step 70). 



Determine whether or not the temperature and 
pressure conditions upstream and downstream of heat 
exchanger predicted upon implementation of the 
control algorithm reflect the actual conditions within 
an acceptable level of accuracy? If not, then modify 
the control algorithm as required (step 80). If yes, 
then no farther steps are required. 



Repeat steps 62 through 70 for various temperature 
differentials between the heat exchanger inlet gas and 
ambient air to obtain at least five other optimum 
operating points (i.e. repeat for the average Summer. 
Fall. Winter and peak high and peak low ambient air 
temperature days) (step 72). 



Plot the temperature differential between the heat 
exchanger inlet gas and ambient air along the "X" 
axis and the optimum heat exchanger gas pressure 
differential along the "Y" axis for the six optimum 
operating points produced after completing step 72 
(step 74). 



Determine the mathematical relationship between the 
temperature differential (between the heat exchanger 
inlet gas and ambient air) and the optimum heat 
exchanger gas pressure differential based on the 
graph constructed in step 74. The mathematical 
equation for the line joining the different data points 
results in a basic heat exchanger control algorithm 
for the modeled exchanger (step 76). 



Repeat steps 62 to 76 for at least two different gas 
flow rates (i.e. peak high and peak low gas flow rates 
through the compressor) to determine the sensitivity 
of the heat exchanger control algorithm to changes in 
flow rates. This information can then be utilized to 
modify the control algorithm to account for changes 
in gas flow rate (step 78). 
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Fig. 3 Heat Exchanger Management Device Schematic - Embodiment One 
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Fig. 4 Heat Exchanger Management Device Schematic - Embodiment Two 
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Fig. 5 Heat Exchanger Management Device Schematic - Embodiment Three 
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Fig. 6 Heat Exchanger Management Device Schematic - Embodiment Four 
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Fig. 7 Heat Exchanger Management Device Schematic - Embodiment Five 
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Fig. 8 Heat Exchanger Management Device Schematic - Embodiment Six 
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Fig. 9 Heat Exchanger Management Device Schematic - Embodiment Seven 
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Fig. 1 0 Heat Exchanger Management Device Schematic - Embodiment Eight 
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Fig. 1 1 Heat Exchanger Management Device Schematic - Embodiment Nine 
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Fig. 12 Heat Exchanger Management Device Schematic - Embodiment Ten 
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Fig. 13 Heat Exchanger Management Device Schematic - 
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net power savings through gas cooling 
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Fig. 14 Net Power Savings through Gas Cooling 
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optimum amount of cooling = 
maximum net power savings 
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Fig. 15 Optimum Amount of Cooling 
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benefits of cooling 
at various ambient temperatures 
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Fig. 16 Benefits of Cooling at Various Ambient Temperatures 



17of 18 



CA 02437264 2003-08-12 



basis for algorithm 

(AT = unit discharge temp - ambient temp) 
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Fig. 17 Basis for the Control Algorithm 
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